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The purpose of this investigation is to assemble an apparatus capable of testing Bell’s 
inequality for a local hidden variable.  The historical context and theoretical 
developments that led to this area of inquiry are presented.  Expected experimental results 
stemming from two distinct physical theories are introduced.  Procedures are given that 
outline the assembly of a device capable of testing these theories.  Analysis confirming 
the successful completion of a majority of the steps is presented, and the final necessary 
steps are detailed.  Finally, a laboratory prompt for this experiment’s use in Oberlin 
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Chapter 1: Introduction 
 
 
When quantum mechanics was in the process of being developed and accepted by the 
scientific community, there were a myriad of opinions regarding the field’s theoretical 
ramifications.  The biggest theoretical concern was that quantum mechanics permitted 
objects to lack a definite state of existence.  The state of an object could be described as a 
probability of multiple different states.  Some people did not believe that objects could 
exist this way, but must have definite states.  To these people, quantum mechanics was an 
incomplete theory, since it could not identify what state an object was in.  This is 
commonly referred to as the realist viewpoint.  Others believed that only through the act 
of measurement does the object take on a particular state.  The process of an object 
assuming a particular state would be governed by its initial probabilities of states.  This is 
called the orthodox belief.  Finally, some other people believed that there was no way of 
knowing the state of an object prior to measurement.  This uncertainty prevented any 
comment on the prior state of an object.  This is known as the agnostic position [1]. 
 
In an effort to convince the world that the realist viewpoint was the only valid one, 
physicists Albert Einstein, Boris Podolsky, and Nathan Rosen formulated a theoretical 
thought experiment (Gedankenexperiment) questioning the behavior of entangled objects 
[1].  It is commonly referred to as the EPR Paradox.  In quantum mechanics, objects are 
entangled if their probability of existing in particular states overlap.  In other words, the 
state of each object is dependent on the state of all the other objects in the system.  It is 
possible for objects to have certain properties entangled, while others remain 
independent. The paradox considers two entangled particles separated by an arbitrarily 
large distance.  Since the particles are entangled, a measurement on one immediately 
reveals information about the second particle.  If one adheres to the orthodox viewpoint, 
this proposition seems to permit information to travel faster than the speed of light, which 
violates special relativity.  The realist view claims that the particles must have already 
existed in a particular state, but quantum mechanics did not convey this information.  The 
EPR Paradox assumes the principle of locality, in which the particles are only affected by 
quantities in the surrounding neighborhood.  The existence of a local hidden variable, 
unidentified by quantum mechanics, was proposed in the EPR paper to account for this 
behavior. 
 
At this point, many scientists attempted to create new hidden variable theories to account 
for the problems noted by the EPR paper.  All of this investigation was halted in 1964 
when J. S. Bell theoretically proved that any local hidden variable theory could not be 
accommodated in quantum mechanics.  Therefore, it can only be concluded that quantum 
mechanics is incorrect or it must exhibit nonlocal behavior.  Nonlocality suggests that 
there can be an interdependence between two systems isolated in space and time. 
 
Since the publishing of Bell’s theory, many experimental tests have confirmed the 
nonlocality of quantum mechanics.  This thesis investigates one such experiment that 
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utilizes polarization-entangled photons with the intention of developing it for use in 




Chapter 2: Theory 
 
 
This chapter presents the theory necessary to understand the operation of the 
experimental test conducted.  First, an explanation of Bell inequalities and the one used in 
this experiment is given.  Predictions resulting from this theory are presented.  This is 
followed by a description of nonlinear optics and processes that result from nonlinear 
behavior.  An explanation is given of how nonlinear optics can be used to produce 
photons whose polarization is entangled.  Finally, theoretical predictions resulting from 
quantum mechanics are given. 
 
2.1 Bell Inequalities 
 
Bell inequalities begin with the assumption that a local hidden variable, λ, exists and 
quantum mechanics adheres to the realist interpretation.  This means that any information 
regarding the state of an object is inherent or determined by λ.  From this assumption, a 
sequence of mathematical manipulations concerning nonphysical quantities derived from 
physically real measurements conclude with an inequality that can be experimentally 
tested to be true or false, depending on the validity of the initial assumption.  Bell 
inequalities rely on the use of different detector settings to measure the same quantity of 
supposedly independent objects. 
 
A Bell inequality derived by Clauser, Horne, Shimony, and Holt (CHSH) is ideal for use 
in this investigation [2].  It concerns the measurement of two entangled objects with only 
two possible outcomes.  A more rigorous proof of the inequality than the brief description 
here can be found in Clauser, et al [2], Dehlinger and Mitchell [3], and Betchart [4].  The 
essential aspects of the inequality are as follows. 
 
Detectors A and B can be adjusted to measure a specified quantity, each with its own 
setting of α and β, respectively.  Each detector can only return +1 or -1 for its 
measurement result, which depends entirely on the setting and the local hidden variable 
λ.  This can be described by functions A(λ,α) = ±1 and B(λ,β) = ±1.  The inequality is 
manufactured by setting the probability that A = x, for x= ±1 to 
 




$ %(")d",     (2.1) 
 
where ρ(λ) is the probability density of the hidden variable.  The probability that B = y is 
set to a similar function.  Measurements at each detector are assumed to be independent 
of the setting and outcome of the other detector.  This causes the probability that A = x 
and B = y, for x= ±1 and y= ±1 to be 
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From here, a function describing the correlation between the measurements is defined to 
be 
 
 E(α,β) = P+ +(α,β) + P– –(α,β) – P– +(α,β) – P+ –(α,β).  (2.3) 
 
Subscripts + and – correspond to outcomes of +1 and -1, respectively.  This function has 
a maximum value of 1 when the measurement outcomes are the same, and a minimum of 
-1 when they are different.  A final measure, which has no physical meaning, is defined 
to be 
 
 S = E(a,b) – E(a,b’) + E(a’,b) + E(a’,b’).    (2.4) 
 
Where a, b, a’, and b’ are four different detector settings.  The importance of S is that for 
any hidden variable theory 
 
 |S| ≤ 2.         (2.5) 
 
This value for S is determined strictly using the assumptions any local hidden variable 
theory would require.  A theoretical value for S, as determined by quantum mechanics is 
derived in Section 2.3. 
 
2.2 Nonlinear Optics 
 
2.2.1 Material Properties 
 
Light is a self-propagating electromagnetic wave, whose electric field oscillates in time.  
When light travels through a material, its electric field will induce a polarization in it.  It 
is common for this polarization to behave linearly with respect to the applied optical 
field, 
 
 P(t) = χ(1) E(t).       (2.6) 
 
The term χ(1) is the linear susceptibility of the material.  The linear susceptibility is an 
indicator of how responsive the induced polarization is to the applied field.  Nonlinear 
materials have higher order electric field terms that significantly affect the polarization.  
Their polarization can be shown by a power series expansion of the electric filed strength 
 
 P(t) = χ(1) E(t) + χ(2) E2(t) + χ(3) E3(t)…,    (2.7) 
 
where χ(n), n ≠ 1 are the nonlinear susceptibilities.  These higher order susceptibilities 
typically have a dependence on the directionality of the electric field vector.  The square 
of light’s electric field is proportional to its intensity.  Therefore, a more intense light 





















Figure 2-1: This figure shows how different polarizations are labeled relative to the optic axis of a 
birefringent material [4]. 
 
Many nonlinear materials are also birefringent.  Birefringent materials are ones that 
exhibit two indices of refraction.  Light that is polarized orthogonally to a birefringent 
material’s optic axis, signifying ordinary polarization, experiences a different index of 
refraction from light polarized parallel to the optic axis, named extraordinary 
polarization.  The polarization of light will always be normal to its direction of 
propagation; therefore any light traveling parallel to a birefringent material’s optic axis 
will experience the same index of refraction.  The principle values for the ordinary and 
extraordinary refractive indices are no and ñe, respectively.  If light propagates through a 
birefringent medium with polarization at an angle θ with respect to the optic axis, then 




















.      (2.8) 
 
Oftentimes materials are dispersive, causing the ordinary and extraordinary refractive 
indices to be dependent on the wavelength of the propagating light.  This relationship is 
empirically described by a material’s Sellmeier equations [4]. 
 
2.2.2 Spontaneous Parametric Downconversion (SPDC) 
 
Nonlinear responses to optical fields create an array of processes and interactions not 
observed in linear optics.  Many of these occur when photons and a material interact to 















processes.  Energy and momentum are always conserved in a parametric process.  
Additionally, parametric processes always result from real susceptibilities [5]. 
 
One type of parametric process is spontaneous parametric downconversion, visually 
depicted in Fig. 2-2.  In this procedure, a single photon, labeled the pump photon, 
interacts with a nonlinear media and splits into two photons, called the signal and idler 
photons.  The generated photons are constrained such that 
 




 ks + ki = kp,        (2.10) 
 
where ω and k are the angular frequency and wave vector, respectively.  Momentum 
conservation for SPDC and other parametric processes generally requires that the 
component of propagation of the generated photons parallel to the pump beam be in 
phase with the pump beam.  This prevents any deconstructive interference.  The act of 
tuning an optical system to allow for in phase propagation is called phase matching.  This 
can be done by utilizing birefringence and dispersion relationships.  For SPDC and other 
processes, type-I phase matching creates a signal and idler photon with the same 
polarization that is orthogonal to the pump photon’s polarization [6].  Due to the 
necessary phase matching conditions, only a single pump polarization will cause SPDC.  
While propagation of the signal and idler photons parallel to the beam of pump photons is 
well defined, there is some freedom of propagation in the orthogonal component.  This 
results in a cone of signal and idler photons centered on the pump beam.  The angle they 
make relative to the pump beam is dependent upon their energies and the phase matching 
conditions [4].  SPDC does not result from every pump photon incident on a material 












Figure 2-2: In type-I SPDC, a pump photon splits into two photons having the same polarization, opposite 
to that of the pump photon.  The vector c indicates the direction of the materials optic axis [4]. 
 
This study concerns itself with the case when the signal and idler photons have the same 
energy, and therefore are each half the angular frequency of the pump photon.  This 
condition causes the angle each photon makes with the pump beam, the phase matching 
angles (labeled α and β in Fig. 2-2), to be the same.  Following from Eq. 2.8 and Eq. 2.10 




[4], it can be shown that the relationship between the phase matching angle, the pump 





















.    (2.11) 
 
The functions determining the refractive indices will depend on the specific nonlinear, 
birefringent material in question. 
 
2.2.3 Beta Barium Borate (BBO) 
 
Beta Barium Borate is a commonly used nonlinear, birefringent crystal that is perfectly 
suited for this investigation.  It can easily be designed to perform type-I SPDC.  The cut 
of the crystal with respect to its optic axis determines the angle θ it makes with the path 
of the pump beam.  The crystals used for this experiment are cut such that θ = 30°.  The 
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# 0.01515"2.    (2.13) 
 
These equations when combined with Eq. 2.11 and a pump photon of wavelength 407 nm 
yield a phase matching angle of α = 3.2°. 
 
2.3 Entangled Photon Production 
 
2.3.1 Quantum States 
 
Entangled photon production requires the use of two crystals cut exactly the same and 
mounted such that their optic axes are orthogonal [3].  Using a single crystal for SPDC 
would leave the signal and idler photons with definite properties, and therefore not 
entangled.  Each crystal can only downconvert photons of a specific polarization, as 
determined by the phase matching conditions.  The greater a photon’s component of 
polarization parallel to this specific polarization creates a greater chance of 
downconversion.  Through downconversion, one crystal produces horizontally polarized 
light from vertically polarized light, and the other downconverts horizontally polarized 
light to light polarized vertically.  These orientations correspond to the frame of the 
crystal.  This downconversion process can be summarized by 
 





 |H〉p → eiΔ|V〉s|V〉i,       (2.15) 
 
where Δ is a phase shift between the vertical and horizontal components of polarization 
resulting from dispersion and birefringence in the first crystal.  Given a pump beam 
polarized at an angle of θl from vertical and with a phase shift of φl between the vertical 
and horizontal components of polarization, the pump photons reach the crystal in the 
quantum state 
 




l sin θl |H〉p.     (2.16) 
 
When a photon in the above state is downconverted into two photons, they exist in the 
state 
 
 |ψDC〉 = cos θl |H〉s|H〉i + eiφ sin θl |V〉s|V〉i,    (2.17) 
 
where φ = Δ + φl.  The state |ψDC〉 describes a state of polarization entanglement for the 
signal and idler photons. 
 
The goal of this experiment is to produce signal and idler photons in the states HH+VV, 
rather than HH–VV or HV±VH.  This states is achieved when θl = 45° and φ = 0°.  This 
puts the photons in the desired state of 
 




(|H〉s|H〉i + |V〉s|V〉i).     (2.18) 
 
With the crystals mounted orthogonally, incident light with polarization of θl = 45° to the 
optic axes has an equal chance of undergoing SPDC in either crystal.  The crystals are 
thin and close to one another, so photons downconverted in one crystal are not 
distinguishable in time or space from those downconverted in the second crystal.  
Therefore, any examined pair of downconverted photons emitted from the crystals has an 
equal probability of being vertically or horizontally polarized.  For a visual image of this, 




Figure 2-3: Orthogonally mounted crystals designed for type-I SPDC produce overlapping cones of 
perpendicularly polarized light with a pump beam polarized 45° with respect to the crystals’ optic axes [7]. 
 
Given downconverted photons in the desired state of entanglement, polarization 
measurements will yield H and V each half of the time.  It is possible to use a single 
detector to measure the polarization of a downconverted photon at an angle of γ with 
respect to vertical.  In the basis of the detector, the polarization of the photons exists 
according to the states 
 




|Hγ〉 = sin γ |V〉 + cos γ |H〉.      (2.20) 
 
The detector is defined such that if light is polarized vertically in its basis, then it is 
detected.  Light polarized horizontally in the basis of the detector will not be detected.  In 
this investigation, linear polarizers are used to set the angle of detection.  The probability 
that the signal photon is detected at a polarizer angle of α, while the idler photon is 
detected with a polarizer setting of β is 
 
 PVV(α,β) = |〈Vα|s 〈Vβ|i |ψDC〉|2.      (2.21) 
 
Substituting Eq. 2.17, Eq. 2.19, and Eq. 2.20 into the above relationship and simplifying 
yields 
 
 PVV(α,β) = |cos α cos β sin θl eiφ + sin α sin β cosθl|2  (2.22) 
 
 = sin2 α sin2 β cos2 θl 
 + cos2 α cos2 β sin2  θl  
 + ¼ sin 2α sin 2β sin 2θl cos φ.  (2.23) 
 
In the case when |ψDC〉 = |ψEPR〉, then the above expression reduces to 
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 PVV(α,β) = ½ cos2 (β – α).      (2.24) 
 
These last few equations can be used to predict experimental results for a test of the 
CHSH Bell inequality [3].  The mathematical expression requires the use of four 
measurement settings, which correspond to the angle of the polarizers.  The two possible 
measurement outcomes are H and V in the frame of the detector.  In the case of angular 
polarization measurements, the expression in Eq. 2.3 becomes 
 
 E(α,β) = PVV(α,β) + PVV(α⊥,β⊥) – PVV(α⊥,β) – PVV(α,β⊥),  (2.25) 
 
where the subscript ⊥ indicates a polarization measurement perpendicular to the indicated 
angle of α or β. 
 
The above theory predicts S to have a maximum value of 
! 
2 2  when the settings 
(a,a’,b,b’) = (-45°, 0°, -22.5°, 22.5°) are used [4]. 
 
The prediction for S given by quantum mechanics and the prediction derived from a local 
hidden variable theory are clearly in direct disagreement.  The question remains whether 




To achieve the desired quantum state, waveplates are used to change the pump beam’s 
polarization.  Waveplates change light’s polarization, but differ from polarizers in two 
ways.  First, they require light to already be polarized.  Secondly, there is negligible loss 
in intensity as the polarization is varied.  Rather than block out certain polarizations, 
waveplates retard one or both components of the incident photon’s polarization, relative 
to one another.1  The components of polarization are defined by the waveplate’s optic 
axis, in its frame of reference.  A half waveplate (HWP) retards one component by half of 
a wavelength (λ/2).  If the polarization of the incident light makes an angle φ with the 
optic axis, then the polarization changes by an angle of 2φ.  A quarter waveplate (QWP) 
behaves similarly to a half waveplate.  It creates a phase shift of a quarter of a wavelength 
(λ/4) between the components of polarization [8]. 
 
In this investigation, the incident pump beam is initially linearly, vertically polarized.  
The half waveplate changes the polarization of the incident photons to the angle θl from 
vertical.  The quarter waveplate is used to create the phase shift of φl between the vertical 
and horizontal components of polarization, as defined by the crystals’ frame. 
                                                




Chapter 3: Experimental Setup 
 
 
The previous chapter proposes two different theories to describe the outcome of an 
experiment.  One is derived using a local hidden variable theory, while the other utilizes 
quantum mechanics. This chapter outlines an experiment that can be used to investigate 
which proposed theory is correct.  The assembly, alignment, and operation of the 
experimental apparatus is described in this chapter. 
 
3.1 Experiment Overview 
 
The CHSH Bell inequality concludes that if a local hidden variable theory can be used to 
describe nature, then it is expected that S ≤ 2.  It is possible to test this inequality by 
performing measurements on photons whose polarizations are entangled.  Polarization 
entanglement can be achieved through type-I spontaneous parametric downconversion.  
As indicated by the CHSH Bell inequality, four separate detector settings must be used.  
In this experiment, the detector settings translate to angular measurement settings. 
 
Fig. 3-1 and Fig. 3-2 depict the setup used to conduct an experimental test of the CHSH 
Bell inequality.  The assembly can be broken up into three main sections: entangled 
photon production, photon detection, and computer interface.  All the utilized equipment 








Figure 3-2: Information regarding the setup can be found in this figure.  Information on the parts used to 
mount the waveplates, crystal, irises, beamstop, and polarizers can be found in Table 3-1.  All optical 




 Part Number Qt. Comments 
Entangled Photon Production 
Laser NT55-872 1 407nm; linearly, vertically polarized 
Half Wave Plate WPZ1310 1 400nm airspaced zero-order; in 1” 
mount 
Quarter Wave Plate WPZ1310 1 400nm airspaced zero-order; in 1” 
mount 
BBO Crystals Custom made 1 Custom cut 30° to the optic axis; 
mounted orthogonally; in 1” mount 
Rotary Mount RSP1 2 Mount for HWP and QWP 
Kinematic Mount KC1-T 1 Mount for BBO 
Posts TR3 3 For waveplate and BBO mounts 
Post Holder PH3-ST 3 For waveplate and BBO assemblies 
    
Rail Assembly  
Rail RLA2400 2 24” long; 1” hole spacing 
Clamp CL5 2 Used to hold rails in place 
NIR- Linear Polarizer NT54-111 2 Mounted in 1” Al holder 
Rotary Mount RSP1 2 Mount for polarizers 
Posts TR3 2 Used to support polarizers 
Post Holder PH3-ST 2 Used to support polarizers 
    
Collector Assembly  
Filter F10-813.5-3-
NTF 
2 Near IR, narrow bandpass; 111.5nm 
CWL; 9.6nm FWHM; in 0.5” mount 
Al Holder Custom made 2 Custom Al mount for filters 
½” Lens Tube SM1L05 2 Holds filter 
1” Lens Tube SM1L10 2 Holds fiber coupler adapter 
Fiber Coupler Adapter AD11F 2 Holds fiber coupler lens 
Fiber Coupler F220FC-B 2 Couples to fiber cable; 0.25” aperture; 
600-1050nm bandpass 
Kinematic Mount KC1-T 2 Holds and aligns collector assembly 
Posts TR3 2 Supports collector assembly 
Translating Post Holder PH3T 2 Supports collector assembly 
    
Alignment Assembly    
HeNe Laser ML868 1 632.8nm; unpolarized; for alignment 
purposes only 
Fiber Coupler Adapter AD11F 1 Holds fiber coupler lens 
Fiber Coupler F220FC-B 1 Couples to fiber cable; 0.25” aperture; 
600-1050nm bandpass 
Kinematic Mount KC1-T 1 Holds and aligns assembly 
Posts TR3 1 Supports collector assembly 
Post Holder PH3-ST 1 Supports collector assembly 
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Photon Detection 
Fiber-Optic Cables M31L01 2 Connect collector assembly to both the 
alignment assembly and the SPCM 
FC to FC Connector FCB1 1 Used to block 2 unused input channels 
of the SPCM 
Photon Counter SPCM-AQ4C/ 
SPCM-AQ4C 
IO 
1 Capable of detecting single photons of 
wavelength 400-1060 nm; utilizes a 
silicon avalanche photodiode 
30V DC Power Supply 1610 1 ±1V; 0.04A max 
5V DC Power Supply 1610 1 ±0.25V; 1A max 
2V DC Power Supply LA-200 1 ±0.05V; 4A max 
Power Supply Cable  1 Connects SPCM to 3 power supplies 
    
Data Acquisition   
Coincidence Counter Custom made 1 Active logic circuit; 2 inputs, 3 
outputs; design found in [4] 
5V Power Supply 1610 1 For coincidence counter 
Banana Cables  2 To connect power supply to the 
coincidence counter 
PCI DAQ Card PCI-6601 1 4 up/down, 32-bit counter/timers; 
20MHz max. source frequency 
IO Connector Block CB-68LP 1 4 input channels; 
Ribbon Cable R6868 1 Connects IO block to DAQ card 
    
Miscellaneous   
Beam Stop CB1 1 Prevents scattering of laser beam 
Iris ID12 2 To position laser; 0.8-12mm aperture 
Post Holder PH3-ST 3 Support irises and beam stop 
Spanner Wrench SPW602 1 Used to secure 1” optics in mounts 
Alan Wrench Set  1 Used for 10-32 screws and to secure 
filters in Al holders 
BNC Cables  5 Connects SPCM to coincidence 
counter to IO connector block 
Voltmeter 2707A 1 To monitor power supply voltages 
Optics Table  1 2” hole spacing; 48”x96” 
Metal Plate  1 1” hole spacing; 18”x24” 
Screws 10-32 30 0.25”-0.5”; For securing post holders 
to table and rails 
    
 
Table 3-1: List of parts used in experiment assembly. 
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3.2 Description of Parts 
 
3.2.1 Entangled photon production 
 
The two main components of entangled photon production are the linearly polarized laser 
and the BBO crystal.  A small, but sufficient, portion of the laser photons incident on the 
crystal undergo type-I spontaneous parametric downconversion.  The incident photons 
are 407 nm, which when downconverted, split into two photons with wavelength 814 nm. 
 
To achieve entanglement of the downconverted photon’s polarization, it is necessary to 
tune the polarization of the incident beam, while holding the crystal position constant.  
This is done through the use of a half waveplate (HWP) and a quarter waveplate (QWP).  





Figure 3-3: Photograph of laser, waveplates, and BBO crystal. 
 
3.2.2 Photon detection 
 
Two photon collection assemblies are positioned in the path of the downconverted 
photons and connected via fiber-optic cables to a single photon counting module 
(SPCM).  The SPCM can detect photons with a broad range of wavelengths (400-1060 
nm), so it is necessary to take steps to isolate the signal and idler photons from any 
background light.  A narrow bandpass filter (811.5 nm central wavelength, 9.6 nm 
FWHM) is placed in front of each of two fiber coupler adapters.  The fiber coupler 
adapters (bandpass of 600-1050 nm) can only transmit light incident at a very narrow 
range of angles.  Linear polarizers in rotating mounts are placed in front of the collector 
assemblies, which are used to set the different angles of detection.  All of these parts can 





Figure 3-4: Photograph of SPCM and power supplies.  The SPCM is connected to the collector assemblies. 
 
3.2.3 Computer Interface 
 
When the SPCM detects a photon through one of the input channels, it sends a 5 V, 25 ns 
TTL pulse out of the corresponding output channel.  These pulses are fed into the 
coincidence counter.  The coincidence counter is an active logic circuit that can 
determine within a 25 ns window whether or not the TTL pulses received from the SPCM 
occurred simultaneously.  The coincidence counter has three outputs that send out 250 ns 
pulses.  One output mirrors the input from one of the input channels and a second output 
channel mirrors the other input.  The third output channel sends out a TTL pulse for 
every coincidence determined by the circuit.  For more information about the coincidence 
counter, see Betchart [4]. 
 
The output channels of the coincidence counter are connected to three of the input 
channels on the IO connector block.  This device is connected to a PCI data acquisition 
card installed in a computer.  A LabView virtual instrument was created that has the 
ability to count the TTL pulses received over a specified amount of time.  The virtual 
instrument can also subtract a specified background count for each channel.  The virtual 
instrument is called “3 Ch Counter (Dark Count).vi” and can be found at C:\Program 












Most pieces of the apparatus can easily be put together according to Fig. 3-2.  All optical 
pieces were set to the same height.  A spanner wrench was used to secure the waveplates, 
crystal, polarizers, and filters in their respective mounts.  Additionally, a set of Alan 
wrenches was necessary to attach parts to the optical table and to lock some parts in their 
mounts. 
 
The most difficult part of the assembly was positioning the rails such that each collector 
assembly was aimed at the crystal and made the proper angle with the incident beam.  For 
the given incident wavelength and cut of the BBO crystal, the angle at which the 
entangled photons will be emitted is 3.2°.  Due to the sparse location of holes in the 
optical table, a metal optics plate was placed on top of the table for the positioning of the 
crystal and waveplates.  This permitted the crystal to be located any distance from the 
rails.  The rails were positioned so that the incident beam passed directly over a row of 
holes in the optical table.  A row of holes in the plate had to be aligned with a row on the 
table.  The rails and crystal were placed according to Fig. 3-6, so all the distances would 
be as short as possible.  This helped make the eventual alignment easier.  It is important 
to note that the crystal sat within its holder 13.7 inches from the end of the rails.  This is 
not the distance between the rails and the hole in which that crystal’s mount was placed.  
The rails were fixed to the table using their hole that was furthest from the crystal.  The 









Figure 3-6: Measurements used to place the rails and the crystal.  The holes in the optical table form a 2-




The first step of alignment was to establish the path of the incident beam directly above 
the row of holes on the table and the plate.  The laser was placed on its stand so it was 
level and at the same height as the optical equipment.  Duct tape was used to secure it to 
the stand.  The next step was to have the beam pass through the crystal, an iris mounted 
on the metal plate, and an iris located between the rails on the table before it hit the beam 
stop.  This was done through a combination of moving the plate and the laser.  The irises 
were able to close to their minimum aperture size and still have the beam pass through.  
When measurements were eventually performed the irises were left wide open, so they 
would not scatter unwanted photons into the detectors.  Establishing the laser beam’s path 
was critically important, yet surprisingly easier than it sounds.  Once the path was 
established, the rest of the experiment was built off of it. 
 
The next step was to retroreflect the laser off of the crystal.  When included, the 
waveplates were also positioned to retroreflect the laser. 
 
The subsequent procedure was to position the photon collector assemblies.  The position 
of the rails was already established and tightened down.  The polarizers and filters were 
not yet included in the setup.  A HeNe laser was aimed incident on the alignment 
assembly indicated in Fig. 3-2.  One of the collector assemblies was then connected to the 
alignment assembly via fiber-optic cable.  The collimating lens of the alignment 
assembly was carefully tuned using the kinematic mount’s adjustments so that a small, 
intense beam was transmitted out of the connected collector assembly.  Next the 
adjustments of the collector assembly’s kinematic mount were used so that the beam hit 
the crystal.  The beam reflected off the crystal and hit the other collector assembly in the 
vicinity of the fiber coupler lens.  The height and angle of both collector assemblies were 
adjusted so the beam hit in the center of the second collector assembly’s collimating lens.  
Once this was achieved, the alignment assembly was connected to the second collector.  
The second collector was then adjusted so the transmitted beam also hit the crystal.  The 
beam reflected off the crystal and not only hit the first collimating lens, but also was 
13.7 in. 
4 in. 0.78 in. 
Rails 
Crystal location 
on metal plate 
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transmitted and observed at the end of its fiber optic cable.  A process of going back and 
forth, connecting each collector to the alignment assembly to make minor adjustments 
was done until the reflected beam transmitted through the fiber optic cable was as bright 
as possible.  Once this was done to a satisfactory level, the HeNe was turned off and the 
filters were put in place.  This entire process was completed in about 45 minutes.  
Anytime the crystal or rails were moved this process had to be repeated, although it was 
simple after completing it the initial time. 
 
Next the SPCM was prepared for use.  The fiber optic cables from the collector 
assemblies were connected to input channels on the SPCM.  The unused input channels 
of the SPCM were blocked using the FC to FC connector.  The SPCM power supplies 
and the power supply for the coincidence counter were turned on and their voltages 
established using a voltmeter.  The banana plugs of the power supply cables were placed 
in the power supplies according to Fig. 3-7, but the plastic connector was only inserted 
into the SPCM when the room lights were turned off.  The coincidence counter remained 
connected to its power supply the entire time. 
 
Figure 3-7: This figure indicates which leads on the SPCM’s power cable correspond to which power 
supply. 
 
With the lights off and the doors closed, the plastic power supply connector was inserted 
into the SPCM.  At this point various types of dark count and background count 
measurements were performed.  The count rate in complete darkness and with the 
computer monitor on was established.  A background count with the laser passing 
through an aperture similar to the crystal holder, permitting light to scatter but not 
downconvert was also measured. 
 
Measurements were then taken with the incident beam passing through the crystal to test 
the alignment.  For these runs and all future trials, it was important for the duration of 
measurement to be sufficiently long to minimize the uncertainty relative to the data’s 
magnitude.  The goal was to maximize the coincidence rate by moving the rails.  Every 
time the rails were moved the collector assembly had to be repositioned so it remained 
pointed at the crystal and the reflected HeNe beam passed through the other collector.  
For this process, a 10 s measurement time period was used.  The alignment process was 




3.3.3. Data Collection 
 
The first step of data collection was to tune the state of the downconverted photons so 
that they were in a maximally entangled polarization state.  This was done through the 
use of both a half and quarter waveplate. 
 
The goal of tuning the HWP was to equalize the coincident counts at detector settings 
(0°,0°) and (90°,90°).  The notation N(α,β) is used to denote the number of coincidences 
at detector setting (α,β) for a given period of time.  The time duration is not included, 
because it is assumed that the same length of time is used for all measurements being 
compared.  Equalizing these counts ensures that incident polarized light is hitting each of 
the two BBO crystals at 45° to their optic axis, giving a photon the same probability of 
downconverting in either crystal.  Setting the polarizers to (0°,0°) and incrementally 
changing the HWP produced a periodic curve for coincidence counts vs. HWP angle.  A 
similar curve for the setting (90°,90°) was plotted on the same axes to find the 
intersection points. 
 
When taking these measurements it was not necessary and potentially contaminating to 
continually turn the SPCM on and off.  The SPCM was allowed to warm up before 
acquiring data.  When changing the HWP angle, simply putting a couple sheets of paper 
in front of the HWP scattered a sufficient amount of light from the incident laser onto the 
rotary mount to permit changes.  This process was done for two separate orientations of 
the BBO crystals.  One orientation had the optic axes of the crystals positioned vertical 
and horizontal in the lab frame.  For the second position, the optic axes of the orthogonal 
crystals were both positioned 45° with respect to vertical in the lab frame. 
 
It is at this point that the experimental aspect of this investigation stopped.  The tuning of 
the QWP was attempted, but it was quickly realizes that the waveplate was placed in an 
improper mount.  A rotating mount like those used for the polarizers and HWP was 
necessary. 
 
Assuming that the tuning of the QWP was possible and completed, the apparatus would 
be prepared to collect data that can be used to test the CHSH Bell inequality.  As 
established by Eq. 2.4 and Eq. 2.25 in Chapter 2, measurements at sixteen different 
detector settings would be necessary to accomplish this.  The individual counts for the 
detectors should be noted (NA and NB), in addition to the coincidence count.  Data 




α β NA NB N 
-45° -22.5°    
-45° 22.5°    
-45° 67.5°    
-45° 112.5°    
0° -22.5°    
0° 22.5°    
0° 67.5°    
0° 112.5°    
45° -22.5°    
45° 22.5°    
45° 67.5°    
45° 112.5°    
90° -22.5°    
90° 22.5°    
90° 67.5°    
90° 112.5°    
 
Table 3-2: Table to be used for data acquisition. 
 
Once these values are obtained, they can be used to find the four necessary values of 





N(",#) + N("$,#$ ) % N(",#$ ) % N("$,#)
N(",#) + N("$,#$ ) + N(",#$ ) + N("$,#)
.  (3.1) 
 
From the above expression, the experimental value of Scan be determined and 





Chapter 4: Results and Conclusions 
 
 
This chapter contains experimental results obtained by following the procedures outlined 
in the previous chapter.  The experimental results are compared to theoretical 
expectations.  Methods for analyzing the data are outlined in this chapter.  Finally, this 




Many different trials with varying conditions were performed prior to using the crystal to 
produce entangled photon pairs.  Some of these results accompanied by explanations of 
the room conditions can be found in Table 4-1.  Specifications for the counting module 
provided by its manufacturer, Perkin Elmer, are also included in Table 4-1. 
 
There are multiple important results to observe in this table.  The first item to note is the 
consistency of the counts given the same parameters.  The second interesting fact is that 
slightly different parameters produce noticeably different count rates.  The last and most 
important observation to note is that at this count rate, coincidences only result when the 
crystal is used.   
 
While attempting to maximize the rate of coincidence without polarizers, a rate of 
approximately 10 Hz was achieved.  This value is satisfactory, but should not be viewed 
as an upper limit.  Measurements producing the highest coincidence rate achieved are 
included in Table 4-1.  The settings and positions used to obtain these results are those 
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Inputs connected to collector 
assembly; Computer monitor 
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with an iris positioned to 







































  Ch 0 Ch 1 -- 
Dark count specifications 
provided by Perkin Elmer 
 208 Hz 408 Hz  
 
Table 4-1: This table contains results obtained prior to the tuning of the waveplates.  All trials were run for 





Figure 4-1: Shown are the experimental results of coincidence counts as a function of the HWP setting.  
The BBO crystals were aligned such that their optic axes were vertical and horizontal in the lab frame.  The 
two curves correspond to two detector settings, (0°,0°) and (90°,90°). 
 
The next results were produced in the process of tuning the half waveplate.  Fig. 4-1 
shows the coincidence counts as a function of the HWP angle for polarizer settings 
(0°,0°) and (90°,90°).  This figure and all future results are generated utilizing a 
measurement time duration of 100 s.  The optical axes of the two BBO crystals were 
nearly inline with the polarizer settings, which were horizontal and vertical in the lab 
frame.  This is what causes the two curves in the figure to be almost directly out of phase.  
Fig. 4-1 was used as a starting point to isolate a HWP setting that equalizes N(0°,0°) and 
N(90°,90°).  It was eventually found that a HWP setting of 17° resulted in N(0°,0°) = 
484±22 and N(90°,90°) = 485±22.  This process needs to be repeated every time the 
crystal is moved or the HWP is repositioned within its holder. 
 
It is important to note that the HWP angle indicated does not correspond to θl or the angle 
of the HWP’s optic axis to vertical.  The HWP angle indicated is the setting on the rotary 
mount in which the waveplate was arbitrarily set.  Through examining the polarization 
light transmitted by the HWP, it was found that the optic axis was vertical in the lab 
frame at a setting of 35° and that 
 
 θl = 2 (ω - 35°),       (4.1) 
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where ω is the HWP setting and θl is the angle between the BBO’s optic axis and the 
polarization of the pump photon.  Again, this information is only valid until the HWP is 
removed from its mount.  When replaced, everything has to be recalibrated. 
 
The experimental results in Fig. 4-1 can be compared with the theoretical expectations 
depicted in Fig. 4-2.  The theoretical results displayed are derived from Eq. 2.22, which is 
the probability of detecting a coincidence given an initial polarization and detector 
settings.  The phase difference between two components of polarization is assumed to be 
zero in this case, because a QWP was not used and the phase difference due to dispersion 
in the crystals is assumed to be negligible.  The experimental data was fit to curves of the 
form 
 
 N(ω) = |A sin(B ω) + C cos(D ω)|2 + E,    (4.2) 
 
which is the theoretically expected form.  The resulting fits are 
 




 NHH(ω)=|26.36 sin(0.0356 ω) + 2.80 cos(0.0344 ω)|2 + 134.  (4.4) 
 
If the BBO crystals were aligned exactly vertically and horizontally, the sin term in the 
vertical curve would be zero and the cos term in the horizontal curve would be zero.  The 
frequency terms C and D are all approximately π/90, which accounts for the fact that ω is 






















Figure 4-2: Theoretical probabilities of detecting a coincidence at a given HWP setting.  The shown 
predictions are for crystals with optic axes aligned vertically and horizontally in the lab frame.  One curve 
corresponds to detector settings of (0°,0°) and the to a settings (90°,90°). 
 
The difference in relative modulation between the two curves in the experimental data is 
a result of the crystals’ optic axes not being exactly vertical and horizontal.  When 
aligned exactly horizontal and vertical, the two curves should have the same modulation, 
as seen in Fig. 4-2.  The polarizers were in rotation mounts that allowed for precise 
rotational alignment, while the angular orientation of the crystal was not so easily 
established.   
 
The theoretical results predict zero counts for some HWP settings.  However, the 
experimental results never reach zero for any HWP setting.  There are two factors that 
contribute to this behavior.  The first is that a QWP was not used.  This leaves φ = Δ > 0.  
While Δ is small, it can contribute to the observed behavior.  The second contribution, 
which plays a more significant role, is the uncertainty in θl.  The laser is vertically 
polarized at a ratio of 50:1, which leaves a significant number of photons at other 
polarizations.  Therefore, no matter the HWP setting, some photons will enter the crystal 
with a polarization permitting downconversion.  Additionally, there is some uncertainty 
in the polarization that the polarizers block out.  They will not entirely block out 
polarizations orthogonal to their transmission direction; some light will always get 
through.  Therefore, the count rate never reaches zero for any HWP setting. 
 
The ratio of the vertical offset to the modulation is one measure that can be used to 
indicate how close to ideality the conditions under which the data was taken are.  A 
smaller ratio indicates the conditions are closer to theoretical expectations.  For the 
vertical curve, this can be approximated by looking at E/C2, which is 0.25.  This ratio for 
the horizontal data is best approximated by E/A2, which is 0.19. 















Probability of Coincidence vs. HWP Angle; 





To confirm that the observed agreement in the above data is due to quantum interactions 
and not a result of some other process, the procedure for tuning the HWP was repeated 
with the BBO crystal rotated approximately 45° from the orientation used to produce the 
previous results.  The same detector settings of (0°,0°) and (90°,90°) were used.  This 
data is presented in Fig. 4-3.  The data was fit to curves of the form indicated by Eq. 4.2.  
The curve fits are as follows 
 




 NHH(ω)=|0.22 sin(0.0349 ω) + 11.87 cos(0.0353 ω)|2 + 285.  (4.6) 
 
If the BBO crystals were aligned at exactly 45° from vertical, then the square of all the A 




Figure 4-3: Shown are the experimental results of coincidence counts as a function of the HWP setting.  
The BBO crystals were aligned such that their optic axes were approximately 45° to vertical in the lab 
frame.  The two curves correspond to two detector settings, (0°,0°) and (90°,90°). 
 
The first observation to note is the presence of two distinct curves.  If the BBO’s optic 
axes truly were set 45° from vertical, then it would be expected that the data gathered 
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with detector settings of (0°,0°) and (90°,90°) be identical.  This difference from 
expectation is easily explained by the uncertainty in the angular positioning of the 
crystals.  Theoretical curves for BBO positions near 45° were generated and compared to 
the collected results.  A curve for a crystal positioned with one optic axis 35° from 
vertical and the other 55° from vertical most closely resembles the experimental results 























Figure 4-4: Theoretical probabilities of detecting a coincidence at a given HWP setting.  The shown 
predictions are for crystals with optic axes aligned orthogonally at 35° and 55° to vertical in the lab frame.  
One curve corresponds to detector settings of (0°,0°) and the to a settings (90°,90°). 
 
The agreement between expected and measured results justifies the conclusion that 
downconversion is occurring and entangled photons are being produced.  Unfortunately, 
lacking QWP tuning prevents the ability to create the photons in the state |ψEPR〉, 
indicated by Eq. 2.18.  Therefore, at this time an experimental test of the CHSH Bell 
inequality cannot be performed. 
 
4.2 Data Analysis 
 
Although not yet carried out in this investigation, it is possible to test the purity of the 
entangled state after tuning the waveplates.  For a given pair of detector settings (α,β), 
the expected number of coincidences is 
 
 N(α,β) = A (sin2 α sin2 β cos2 θl 
+ cos2 α cos2 β sin2 θl  
+ ¼ sin 2α sin 2β sin 2θl cos φm ) + C, (4.7) 















Probability of Coincidence vs. HWP Angle; 





where A is the number of entangled photon pairs and C is a correction parameter resulting 
from accidental coincidence counts [3].  The phase shift φ is a complicated function that 
depends on many factors, so cos φm = 〈cos φ〉 is used instead.  All four of the necessary 
parameters to find N(α,β) can be determined using the following equations: 
 
 C = N(0°,90°),        (4.8) 
 
 A = N(0°,0°) + N(90°,90°) – 2C,     (4.9) 
 













,      (4.10) 
 



















) .    (4.11) 
 
Comparing measured results to this expectation can potentially give some idea how pure 
the entanglement is. 
 
The prospect of accidental coincidences is another issue that can be addressed as part of 
examining the data.  The expected number of accidental coincidences can be calculated 
from the equation 
 
 Nac = τ NA NB / T,       (4.12) 
 
where τ is the coincidence window (25 ns for this experiment) and T is the duration of 
measurement [3].  Given the count rates achieved in this experiment, the number of 




Over the course of assembling this experiment, the possibilities for some improvements 
were noted.  The improvement that would have the greatest affect on the experiment 
would be the addition of a pivot for the rails.  If the rails were fixed to a pivot so that the 
BBO crystal could be mounted at the vertex, then the alignment process would be 
significantly easier.  A pivot would allow for a more systematic approach to the initial 
maximization of the coincidence rate.  Troubleshooting the alignment would be easier 
because there would be fewer moveable parameters to adjust. 
 
A second addition that would improve the experiment would be a sturdier mount for the 
laser.  In the current setup, the laser can easily be knocked out of position.  The 
coincidence count rate is highly sensitive to the position of the laser, so it would be useful 
to have it more secured. 
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There are some potential experimental improvements that are not as critical at this time.  
While not currently a problem, the rate of accidental coincidences may increase.  A black 
box surrounding the collector assembly such that light can only enter through holes in the 
path of the downconverted photons would reduce the background counts.  This in turn 
reduces the accidental coincidence rate. 
 
Another addition that is not currently necessary, but could eventually be needed is a door 
triggered kill switch for the SPCM.  This would provide greater protection for the most 
expensive piece of equipment used in this experiment.  While this might be an excessive 
precautionary step, there are more practical ways to better protect the SPCM.  One of 
these steps might include putting covers over the light switches in the optics room so they 




Chapter 5: Summary 
 
 
This paper has outlined an experiment capable of testing Bell’s inequality.  Two 
theoretical predictions stemming from quantum mechanics and a hidden variable theory 
were presented.  An apparatus that utilized polarization-entangled photons was 
assembled, with the intent of testing the presented theories.  Procedures were carried out 
to assemble and align the apparatus.  Partial tuning of the downconverted photons’ state 
was accomplished. 
 
Results indicate that the observed behavior was a product nonlinear quantum interactions.  
The apparatus is on the verge of being capable of testing the inequality; only requiring 
the proper tuning from a quarter waveplate.  This should prove to be a simple task.  The 
quarter waveplate tuning and verification should only take a matter of weeks.  This 
should permit the use of this experiment in Oberlin College’s advanced laboratory course 




Appendix A: Laboratory Prompt 
 
 
The following section is intended to serve as a starting point for creating a laboratory 
prompt that outlines an experimental test of Bell’s inequality for the advanced 




The purpose of this experiment is to use nonlinear optics to test the locality of quantum 
mechanics.  This experiment is a perfect example of an investigation designed to test 
theoretical notions of the world’s behavior.  Two opposing theories each present 
seemingly valid arguments, and an appropriately designed experiment is capable of 
resolving the dispute.  This experiment will help reinforce the concepts of locality, 
entanglement, and completeness.  Concepts that will likely be new include many aspects 
of nonlinear optics.  This investigation also gives some insight on the evolution of 




This experiment engages one of the most counterintuitive ramifications of quantum 
mechanics, which is that an object can exist in a superposition of states.  Einstein, 
Podolsky, and Rosen devised a theoretical thought experiment as part of an effort to 
prove that the world cannot exist this way.  They believed that objects must exist in 
specific states and that quantum mechanics was incomplete because it failed to convey 
that information.  They believed that a local hidden variable must exist in order to amend 
quantum mechanics to fit their realist viewpoint.  This idea stood for decades, until J. S. 
Bell proved that any local hidden variable theory is entirely incompatible with quantum 
mechanics.  At this point, it stood to the experimentalist to discover which way nature 
behaved.  (For a more detailed explanation of the EPR paper and Bell’s contributions see 
Griffiths [6], Betchart [1], or Herbst [8].) 
 
A.2.1 The Local Hidden Variable Theory’s Predictions 
 
Bell inequalities begin with the assumption that a local hidden variable, λ, exists and 
quantum mechanics adheres to the realist interpretation.  This means that any information 
regarding the state of an object is imprinted on it or determined by λ.  From this 
assumption, a sequence of mathematical manipulations concerning nonphysical quantities 
derived from physically real measurements conclude with an inequality that can be 
experimentally tested to be true or false, depending on the validity of the initial 
assumption.  Bell inequalities rely on the use of different detector settings to measure the 
same quantity of supposedly independent objects. 
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A Bell inequality derived by Clauser, Horne, Shimony, and Holt (CHSH) is ideal for use 
in this investigation.  It concerns the measurement of two entangled objects with only two 
possible outcomes.  A more rigorous proof of the inequality than the brief description 
here can be found in Clauser, et al [3], Dehlinger and Mitchell [5], or Betchart [1].  The 
essential aspects of the inequality are as follows. 
 
Given detectors A and B with settings α and β, respectively, any measurement will 
depend entirely on the setting and the local hidden variable λ.  Each detector can only 
return two measurement results, +1 or -1.  Therefore measurements can be described by 
functions A(λ,α) = ±1 and B(λ,β) = ±1.  Measurements at one detector are independent of 
measurements returned by the other.  It logically follows that the probability of returning 
a specific results strictly depends on the hidden variable and the detector setting.  The 
joint probability of measuring A = x and B = y at detector settings α and β is defined to be 
Pxy(α,β).  A function describing the correlation between the measurements is defined to 
be 
 
 E(α,β) = P+ +(α,β) + P– –(α,β) – P– +(α,β) – P+ –(α,β).  (A.1) 
 
Subscripts + and – correspond to outcomes of +1 and -1, respectively.  This function has 
a maximum value of 1 when the measurement outcomes are the same, and a minimum of 
-1 when they are different.  A final measure, which has no physical meaning, is defined 
to be 
 
 S = E(a,b) – E(a,b’) + E(a’,b) + E(a’,b’).    (A.2) 
 
Where a, b, a’, and b’ are four different detector settings.  The importance of S is that for 
any hidden variable theory 
 
 |S| ≤ 2.         (A.3) 
 
A.2.2 Quantum Mechanic’s Predictions 
 
The expected value for S derived from quantum mechanics assumes entanglement and 
measurement dependence.  The quantum theory addresses the specific situation that will 
be experimentally tested in the laboratory, which are measurements performed on two 
polarization-entangled photons. For further explanation of the theory provided here see 
[2], [5], [1], and [8]. 
 
The process of entangling the polarization of photons begins with nonlinear optics.  
When light travels through a medium, its electric field will tend to polarize the material.  
Generally this is done in a linear fashion.  However, some materials have a nonlinear 
response to the optical field, which can be shown by 
 
P(t) = χ(1) E(t) + χ(2) E2(t) + χ(3) E3(t)…,    (A.4) 
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where χ(1) is the linear susceptibility and χ(n), n ≠ 1 are the nonlinear susceptibilities.  
Susceptibilities are an indicator of how responsive the induced polarization is to the 
applied field.  For nonlinear materials, the higher order terms significantly affect the 
induced polarization.  The square of light’s electric field is proportional to its intensity.  





















Figure A-1: This figure shows how different polarizations are labeled relative to the optic axis of a 
birefringent material. 
 
Many nonlinear materials are also birefringent.  Birefringent materials are ones that 
exhibit two indices of refraction.  Light that is polarized orthogonally to a birefringent 
material's optic axis, signifying ordinary polarization, experiences a different index of 
refraction from light polarized parallel to the optic axis, named extraordinary 
polarization.  The polarization of light will always be normal to its direction of 
propagation, therefore any light traveling parallel to a birefringent material's optic axis 
will experience the same index of refraction.  The principle values for the ordinary and 
extraordinary refractive indices are no and ñe, respectively.  If light propagates through a 
birefringent medium such that its polarization is at an angle θ with respect to the optic 




















.      (A.5) 
 
Oftentimes materials are dispersive, causing the ordinary and extraordinary refractive 
indices to be dependent on the wavelength of the propagating light.  This relationship is 














Nonlinear responses to optical fields create an array of processes and interactions not 
observed in linear optics.  Many of these occur when photons and a material interact to 
form photons of different energies.  A subset of these interactions is parametric 
processes.  Energy and momentum are always conserved in a parametric process.  
Additionally, parametric processes always result from real susceptibilities. 
 
One type of parametric process is spontaneous parametric downconversion, visually 
depicted in Figure A-2.  In this procedure a single photon, labeled the pump photon, 













Figure A-2: In type-I SPDC, a pump photon splits into two photons having the same polarization, opposite 
to that of the pump photon.  The vector c indicates the direction of the materials optic axis and k is the 
wave vector. 
 
This investigation concerns itself with the case when the signal and idler photons have 
the same energy, and therefore are each half the angular frequency of the pump photon.  
This condition causes the angle each photon makes with the pump beam, the phase 
matching angles (labeled α and β in Figure A-2), to be the same.  Following from 
equations A.5 and momentum conservation, it can be shown that the relationship between 
the phase matching angle, the pump angular frequency, and the angle between pump 





















.    (A.6) 
 
The functions determining the refractive indices will depend on the specific nonlinear, 
birefringent material in question. 
 
Beta Barium Borate is a commonly used nonlinear, birefringent crystal that is perfectly 
suited for this investigation.  It can easily be designed to perform type-I SPDC.  The cut 
of the crystal with respect to its optic axis determines the angle θ it makes with the path 
of the pump beam.  The crystals used for this experiment are cut such that θ = 30°.  The 
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# 0.01515"2.    (A.8) 
 
Entangled photon production requires the use of two crystals cut exactly the same and 
mounted such that their optic axes are orthogonal.  Using a single crystal for SPDC 
would leave the signal and idler photons with definite properties, and therefore not 
entangled.  Each crystal can only downconvert photons of a specific polarization, as 
determined by the phase matching conditions.  The greater a photon’s component of 
polarization parallel to this specific polarization creates a greater chance of 
downconversion.  A photon with any other polarization simply passes through.  One 
crystal can produce horizontally polarized light from vertically polarized light, and the 
other downconverts horizontally polarized light to light polarized vertically.  These 
orientations correspond to the frame of the crystal.  This downconversion process can be 
summarized by 
 




 |H〉p → eiΔ|V〉s|V〉i,       (A.10) 
 
where Δ is a phase shift between the vertical and horizontal components of polarization 
resulting from dispersion and birefringence in the first crystal.  Given a pump beam 
polarized at an angle of θl from vertical and with a phase shift of φl between the vertical 
and horizontal components of polarization, the pump photons reach the crystal in the 
quantum state 
 




l sin θl |H〉p.     (A.11) 
 
When a photon in the above state is downconverted into two photons, they exist in the 
state 
 
 |ψDC〉 = cos θl |H〉s|H〉i + eiφ sin θl |V〉s|V〉i,    (A.12) 
 
where φ = Δ + φl.  The state |ψDC〉 describes a state of polarization entanglement for the 
signal and idler photons. 
 
The goal of this experiment is to produce signal and idler photons in the states HH+VV, 
rather than HH–VV or HV±VH.  This states is achieved when θl = 45° and φ = 0.  This 
puts the photons in the desired state of 
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(|H〉s|H〉i + |V〉s|V〉i).     (A.13) 
 
With the crystals mounted orthogonally, incident light with polarization of θl = 45° to the 
optic axes has an equal chance of undergoing SPDC in either crystal.  The crystals are 
thin and close to one another, so photons downconverted in one crystal are not 
distinguishable in time or space from those downconverted in the second crystal.  
Therefore, any examined pair of downconverted photons emitted from the crystals has an 
equal probability of being vertically or horizontally polarized.  For a visual image of this, 
see Figure A-3. 
 
 
Figure A-3: Orthogonally mounted crystals designed for type-I SPDC produce overlapping cones of 
perpendicularly polarized light when the incident beam is polarized 45° with respect to the crystals’ optic 
axes. 
 
Given downconverted photons in the desired state of entanglement, polarization 
measurements will yield H and V each half of the time.  It is possible to use a single 
detector to measure the polarization of a downconverted photon at an angle of γ with 
respect to vertical.  In the basis of the detector, the polarization of the photons exists 
according to the states 
 




|Hγ〉 = sin γ |V〉 + cos γ |H〉.      (A.15) 
 
The detector is defined such that if light is polarized vertically in its basis, then it is 
detected.  Light polarized horizontally in the basis of the detector will not be detected.  In 
this investigation linear polarizers are used to set the angle of detection.  The probability 
that the signal photon is detected at a polarizer angle of α, while the idler photon is 
detected with a polarizer setting of β is 
 
 PVV(α,β) = |〈Vα|s 〈Vβ|i |ψDC〉|2.      (A.16) 
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Substituting Eq. A.14 and Eq. A.15 into the above relationship yields 
 
 PVV(α,β) = |cos α cos β sin θl eiφ + sin α sin β cosθl|2  (A.17) 
 
 = sin2 α sin2 β cos2 θl 
 + cos2 α cos2 β sin2  θl  
 + ¼ sin 2α sin 2β sin 2θl cos φ.  (A.18) 
 
In the case when |ψDC〉 = |ψEPR〉, then the above expression reduces to 
 
 PVV(α,β) = ½ cos2 (β – α).      (A.19) 
 
These last few equations can be used to predict experimental results for a test of the 
CHSH Bell inequality.  The mathematical expression requires the use of four 
measurement settings, which correspond to the angle of the polarizers.  The two possible 
measurement outcomes are H and V in the frame of the detector.  In the case of angular 
polarization measurements, the expression in Eq. A.1 becomes 
 
 E(α,β) = PVV(α,β) + PVV(α⊥,β⊥) – PVV(α⊥,β) – PVV(α,β⊥),  (A.20) 
 
where the subscript ⊥ indicates a polarization measurement perpendicular to the indicated 
angle of α or β. 
 
The above theory predicts S to have a maximum value of 
! 
2 2  when the settings 
(a,a’,b,b’) = (-45°, 0°, -22.5°, 22.5°) are used. 
 
The prediction for S given by quantum mechanics and the prediction derived from a local 
hidden variable theory are clearly in direct disagreement.  The question remains whether 




To achieve the desired quantum state, waveplates are used to change the pump beam’s 
polarization.  Waveplates change light’s polarization, but differ from polarizers in two 
ways.  First, they require light to already be polarized.  Secondly, there is negligible loss 
in intensity as the polarization is varied.  Rather than block out certain polarizations, 
waveplates retard one or both components of the incident photon’s polarization, relative 
to one another.2  The components of polarization are defined by the waveplate’s optic 
axis, in its frame of reference.  A half waveplate (HWP) retards one component by half of 
a wavelength (λ/2).  If the polarization of the incident light makes an angle φ with the 
optic axis, then the polarization changes by an angle of 2φ.  A quarter waveplate (QWP) 
behaves similarly to a half waveplate.  It creates a phase shift of a quarter of a wavelength 
(λ/4) between the components of polarization [8]. 
                                                
2 It is for this reason that waveplates are also called retarders. 
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In this investigation, the incident pump beam is initially linearly, vertically polarized.  
The half waveplate changes the polarization of the incident photons to the angle θl from 
vertical.  The quarter waveplate is used to create the phase shift of φl between the vertical 
and horizontal components of polarization, as defined by the crystals’ frame. 
 
A.3 Warnings and Cautions 
 
Before you begin please be aware of how easily damaged certain pieces of the 
experimental apparatus are.  Do not touch the surfaces of the waveplates, filters, or BBO 
crystals.  Handle them all with extreme care and caution. 
 
The part that must be cared for the most is the single photon counting module (SPCM).  
Never, under any circumstances, have it turned on while the room lights are on or the 
room's doors are open.  Do not turn on the SPCM unless narrow band filters or blocking 
caps are fitted to all four inputs. Always lock the doors and post signs when operating the 
SPCM, so no one accidentally enters the room.  Always make sure the SPCM's power 
supplies are set to the correct voltage, well within the allowed threshold. Finally, while 
not likely an issue, periodically check to make sure the SPCM is not getting to hot. 
 
A.4 Preliminary Calculations 
 
Before you begin piecing together the experiment, one calculation must be performed.  It 
is necessary to discover the phase matching angle required to find the signal and idler 
photon given the cut of the BBO crystal.  Use Eq. A.6 and the Sellmeier equations for the 
BBO crystal to find the phase matching angle, α. 
 
A.5 Setup and Measurement 
 
A.5.1 Basic assembly 
 
Most pieces of the apparatus can easily be put together according to Figure A-4 in 
conjunction with Table A-1.  All optical pieces must be set to the same height.  A spanner 
wrench should be used to secure the waveplates, crystal, polarizers, and filters in their 
respective mounts.  Additionally, a set of Alan wrenches is necessary to attach parts to 





Figure A-4: Most necessary information regarding the setup can be found in this figure.  Information on 
the parts used to mount the waveplates, crystal, irises, beamstop, and polarizers can be found in Table A-1.  
All optical equipment should be secured to the table or plate using 10-32 screws. 
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 Part Number Qt. Comments 
Entangled Photon Production 
Laser NT55-872 1 407nm; linearly, vertically polarized 
Half Wave Plate WPZ1310 1 400nm airspaced zero-order; in 1” 
mount 
Quarter Wave Plate WPZ1310 1 400nm airspaced zero-order; in 1” 
mount 
BBO Crystals Custom made 1 Custom cut 30° to the optic axis; 
mounted orthogonally; in 1” mount 
Rotary Mount RSP1 2 Mount for HWP and QWP 
Kinematic Mount KC1-T 1 Mount for BBO 
Posts TR3 3 For waveplate and BBO mounts 
Post Holder PH3-ST 3 For waveplate and BBO assemblies 
    
Rail Assembly  
Rail RLA2400 2 24” long; 1” hole spacing 
Clamp CL5 2 Used to hold rails in place 
NIR- Linear Polarizer NT54-111 2 Mounted in 1” Al holder 
Rotary Mount RSP1 2 Mount for polarizers 
Posts TR3 2 Used to support polarizers 
Post Holder PH3-ST 2 Used to support polarizers 
    
Collector Assembly  
Filter F10-813.5-3-
NTF 
2 Near IR, narrow bandpass; 111.5nm 
CWL; 9.6nm FWHM; in 0.5” mount 
Al Holder Custom made 2 Custom Al mount for filters 
½” Lens Tube SM1L05 2 Holds filter 
1” Lens Tube SM1L10 2 Holds fiber coupler adapter 
Fiber Coupler Adapter AD11F 2 Holds fiber coupler lens 
Fiber Coupler F220FC-B 2 Couples to fiber cable; 0.25” aperture; 
600-1050nm bandpass 
Kinematic Mount KC1-T 2 Holds and aligns collector assembly 
Posts TR3 2 Supports collector assembly 
Translating Post Holder PH3T 2 Supports collector assembly 
    
Alignment Assembly    
HeNe Laser ML868 1 632.8nm; unpolarized; for alignment 
purposes only 
Fiber Coupler Adapter AD11F 1 Holds fiber coupler lens 
Fiber Coupler F220FC-B 1 Couples to fiber cable; 0.25” aperture; 
600-1050nm bandpass 
Kinematic Mount KC1-T 1 Holds and aligns assembly 
Posts TR3 1 Supports collector assembly 
Post Holder PH3-ST 1 Supports collector assembly 
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Photon Detection 
Fiber-Optic Cables M31L01 2 Connect collector assembly to both the 
alignment assembly and the SPCM 
FC to FC Connector FCB1 1 Used to block 2 unused input channels 
of the SPCM 
Photon Counter SPCM-AQ4C/ 
SPCM-AQ4C 
IO 
1 Capable of detecting single photons of 
wavelength 400-1060 nm; utilizes a 
silicon avalanche photodiode 
30V DC Power Supply 1610 1 ±1V; 0.04A max 
5V DC Power Supply 1610 1 ±0.25V; 1A max 
2V DC Power Supply LA-200 1 ±0.05V; 4A max 
Power Supply Cable  1 Connects SPCM to 3 power supplies 
    
Data Acquisition   
Coincidence Counter Custom made 1 Active logic circuit; 2 inputs, 3 
outputs; design found in [4] 
5V Power Supply 1610 1 For coincidence counter 
Banana Cables  2 To connect power supply to the 
coincidence counter 
PCI DAQ Card PCI-6601 1 4 up/down, 32-bit counter/timers; 
20MHz max. source frequency 
IO Connector Block CB-68LP 1 4 input channels; 
Ribbon Cable R6868 1 Connects IO block to DAQ card 
    
Miscellaneous   
Beam Stop CB1 1 Prevents scattering of laser beam 
Iris ID12 2 To position laser; 0.8-12mm aperture 
Post Holder PH3-ST 3 Support irises and beam stop 
Spanner Wrench SPW602 1 Used to secure 1” optics in mounts 
Alan Wrench Set  1 Used for 10-32 screws and to secure 
filters in Al holders 
BNC Cables  5 Connects SPCM to coincidence 
counter to IO connector block 
Voltmeter 2707A 1 To monitor power supply voltages 
Optics Table  1 2” hole spacing; 48”x96” 
Metal Plate  1 1” hole spacing; 18”x24” 
Screws 10-32 30 0.25”-0.5”; For securing post holders 
to table and rails 
    
 
Table A-1: List of parts for experiment assembly. 
 
The most difficult part of the assembly is positioning the rails such that each collector 
assembly is aimed at the crystal and makes the proper angle with the incident beam.  Due 
to the sparse location of holes in the optical table, a metal optics plate should be placed 
on top of the table for the positioning of the crystal and waveplates.  This permits the 
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crystal to be located any distance from the rails.  The rails should be positioned so that 
the incident beam passes directly over a row of holes in the optical table.  A row of holes 
in the plate must be aligned with a row on the table.  Other than that, it is a matter of 
preference and trigonometry functions where the rails go.  The placement of the rails and 
crystal should be similar to Figure A-5.  X is not the distance between the rails and the 
hole in which that crystal’s mount is placed.  The rails do not need to be fixed to the table 
using the hole furthest from the crystal as indicated by the picture.  The metal plate 





Figure A-5: General layout that can be used to place the rails and the crystal.  The holes in the optical table 
form a 2-inch grid, while the holes in the metal plate form a 1-inch grid.  X and Y must be determined using 
the calculated angle α.  The figure is not to scale, but very close. 
 
A.5.2 Alignment Procedures 
 
The first step of alignment is to establish the path of the incident beam directly above the 
row of holes on the table and the plate.  The laser should be placed on its stand to be level 
and at the same height as the optical equipment.  The next step is to have the beam pass 
through the crystal, an iris mounted on the metal plate, and an iris located between the 
rails on the table before it hits the beam stop.  This can be done through a combination of 
moving the plate and the laser.  The irises should be able to close to their minimum 
aperture size and still have the beam pass through.  When measurements are eventually 
performed the irises should be left wide open, otherwise they scatter unwanted photons 
into the detectors.  Establishing the laser beam’s path is critically important, yet 
surprisingly easier than it sounds.  Once the path is established, the rest of the experiment 
builds off of it. 
 
The next step is to retroreflect the laser off of the crystal.  The crystal should be set in its 
mount such that the marking on it is approximately vertical.  When included, the 
waveplates should also retroreflect the laser, but they can be left out until it is time to 
calibrate them. 
 
The next procedure is to position the photon collector assemblies.  The position of the 
rails should already be established and tightened down.  The polarizers and filters should 
not yet be included in the setup.  A HeNe laser should be aimed incident on the alignment 
assembly indicated in Figure A-4.  Each collector assembly should be connected to its 
X in. 





own fiber optic cable.  One of the collector assemblies should then be connected to the 
alignment assembly via its cable.  The collimating lens of the alignment assembly must 
be carefully tuned using the kinematic mount’s adjustments so that a small, intense beam 
is transmitted out of the connected collector assembly.  Next the adjustments of the 
collector assembly’s kinematic mount should be used so that the beam hits the crystal.  
The beam should reflect off the crystal into the vicinity of the other collector assembly.  
The height and angle of both collector assemblies can be adjusted so the beam hits in the 
center of the second collector assembly’s collimating lens.  Once this is achieved, the 
alignment assembly should be connected to the second collector using its own fiber optic 
cable.  The first collector should retain its fiber optic cable.  The second collector can 
then be adjusted so the transmitted beam also hits the crystal.  The beam reflected off the 
crystal should not only hit the first collimating lens, but also be transmitted and observed 
at the end of its fiber optic cable.  It is suggested to go back and forth connecting each 
collector to the alignment assembly to make minor adjustments until the reflected beam 
transmitted through the fiber optic cable is as bright as possible.  Once this is done to a 
satisfactory level, the HeNe can be turned off and the filters should be put in place.  This 
entire process can be completed in 45 minutes.  Anytime the crystal or rails are moved 
this process will need to be repeated, although it is simple after completing it the initial 
time. 
 
Next the SPCM can be prepared for use.  The fiber optic cables from the collector 
assemblies can be connected to input channels on the SPCM.  The unused input channels 
of the SPCM must be blocked using the FC to FC connector.  The SPCM power supplies 
and the power supply for the coincidence counter should be turned on and their voltages 
established using a voltmeter or similar device.  The banana plugs of the power supply 
cables should be placed in the power supplies as indicated by Fig. A-6.  The plastic 
connector should only be inserted into the SPCM when the lights are turned off.  The 
coincidence counter can be plugged in to its power supply the entire time. 
 
 
Figure A-6: This figure indicates which leads on the SPCM’s power cable correspond to which power 
supply. 
 
With the lights off and the doors closed, the plastic power supply connector can be 
inserted into the SPCM.  The LabView VI used for three channel counting is called “3 Ch 
Counter (Dark Count).vi”, and can be found in the directory C:\Program Files\National 
Instruments\LabVIEW 7.1\vi.lib.  At this point various types of background count 
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measurements can be performed.  The count rate in complete darkness and with the 
computer monitor on can be established.  A background count with the laser passing 
through an aperture similar to the crystal holder, permitting  light to scatter but not 
downconvert can also be measured.  In doing this, no coincidences should be observed 
and the count rate should not be much greater than 500 Hz for either of the other two 
channels. 
 
Runs with the incident beam passing through the crystal to test the alignment can now be 
performed.  For these runs and all future trials, it is important for the duration of 
measurement to be sufficiently long to minimize the uncertainty relative to the data’s 
magnitude.  The goal is to maximize the coincidence rate by moving the rails.  Every 
time the rails are moved the collector assembly must be repositioned so it remains 
pointed at the crystal and the reflected HeNe beam passes through the other collector.  
This entails turning the lights on and removing the filters every time the rails are to be 
moved.  Anytime the SPCM is turned on the lights must be off, the doors must be closed, 
and the filters must be in place; otherwise there is a high risk of damaging the device.  
For this process, a 10 s measurement time period might be used, but this can be extended 
to 15 or 20 s depending on the count rates achieved.  A coincidence rate of 10 Hz can be 
reached with relative ease, but this should not be viewed as an upper limit.  As soon as a 
satisfactory coincidence rate is achieved, the alignment process is complete. 
 
A.5.3 Calibration Procedures 
 
Calibration of the instruments is necessary to ensure the downconverted photons are in a 
maximally entangled polarization state.  This is done through the use of both a half and 
quarter waveplate. 
 
First, determine the orientation of the polarizers as they sit in the rotation mounts.  Use 
the vertically polarized laser to find the angle settings that correspond to vertical and 
horizontal transmission.  From here on, the notation (0°,0°) and (90°,90°) corresponds to 
having both polarizers set to permit transmission of vertically and horizontally polarized 
light in the lab frame, respectively. 
 
The goal of tuning the HWP is to equalize the coincident counts at detector settings 
(0°,0°) and (90°,90°).  The notation N(α,β) is used to denote the number of coincidences 
at detector setting (α,β) for a given period of time.  The time duration is not included, 
because it is assumed that the same length of time is used for all measurements being 
compared.  Equalizing these counts ensures that incident polarized light is hitting each of 
the two BBO crystals at 45° to their optic axis, giving a photon the same probability of 
downconverting in either crystal.  Set the polarizers to (0°,0°) and incrementally 
changing the HWP to produce a periodic curve for coincidence counts vs. HWP angle.  A 
similar curve for the setting (90°,90°) can be plotted on the same axes to find the 
intersection points. 
 
When taking these measurements it is not necessary and potentially contaminating to 
continually turn the SPCM on and off.  The SPCM should be allowed to warm up before 
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acquiring data.  When changing the HWP angle, simply put a couple sheets of paper in 
front of the HWP to scatter light from the incident laser onto the rotary mount to permit 
changes. 
 
After the HWP is set to the angle that equalizes the counts, the QWP can be tuned.  The 
goal of tuning the QWP is to maximize N(45°,45°).  Set the polarizers to (45°,45°) and 
perform timed counts at different QWP angles.  As with the HWP, this data can be used 
to make a periodic curve for coincidence counts vs. QWP angle.  When the QWP is set to 
angle that produces a peak in this curve, then the signal and idler photons exist in the 
state HH+VV3. 
 
A.5.4 Taking Data 
 
Once both waveplates are tuned, the apparatus is prepared to collect data that can be used 
to test the CHSH Bell inequality.  As established by Eq. A.2 and Eq. A.20, measurements 
at sixteen different detector settings will be necessary to accomplish this.  The individual 
counts for the detectors should be noted (NA and NB), in addition to the coincidence 
count.  Data collection and detector settings should follow table A-2. 
 
α β NA NB N 
-45° -22.5°    
-45° 22.5°    
-45° 67.5°    
-45° 112.5°    
0° -22.5°    
0° 22.5°    
0° 67.5°    
0° 112.5°    
45° -22.5°    
45° 22.5°    
45° 67.5°    
45° 112.5°    
90° -22.5°    
90° 22.5°    
90° 67.5°    
90° 112.5°    
 
Table A-2: Measurements should follow this table. 
 
Once these values are obtained, they can be used to find the four necessary values of 
E(α,β).  Following from Eq. A.20, the quantity E(α,β) can also be expressed as 
 
                                                






N(",#) + N("$,#$ ) % N(",#$ ) % N("$,#)
N(",#) + N("$,#$ ) + N(",#$ ) + N("$,#)
.  (A.21) 
 
The experimental value of S can now be compared with the expected values presented 




It is possible to test the purity of the entangled state.  For a given pair of detector settings 
(α,β), the expected number of coincidences is 
 
 N(α,β) = A (sin2 α sin2 β cos2 θl 
+ cos2 α cos2 β sin2 θl  
+ ¼ sin 2α sin 2β sin 2θl cos φm ) + C, (A.22) 
 
where A is the number of entangled photon pairs and C is a correction parameter resulting 
from accidental coincidence counts.  The phase shift φ is a complicated function that 
depends on many factors, so cos φm = 〈cos φ〉 is used instead.  All four of the necessary 
parameters to find N(α,β) can be determined using the following equations: 
 
 C = N(0°,90°),        (A.23) 
 
 A = N(0°,0°) + N(90°,90°) – 2C,     (A.24) 
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Comparing measured results to this expectation can potentially give an idea of how pure 
the entanglement is. 
 
The prospect of accidental coincidences is another issue that can be addressed as part of 
examining the data.  The expected number of accidental coincidences can be calculated 
from the equation 
 
 Nac = τ NA NB / T,       (A.27) 
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